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We study the lensing effect experienced by a weak probe field under conditions of electromagnet-
ically induced transparency (EIT) involving a Rydberg state. A Gaussian coupling beam tightly
focused on a laser-cooled atomic cloud produces an inhomogeneity in the coupling Rabi frequency
along the transverse direction and makes the EIT area acting like a gradient-index medium. We im-
age the probe beam at the position where it exits the atomic cloud, and observe that a red-detuned
probe light is strongly focused with a greatly enhanced intensity whereas a blue-detuned one is
de-focused with a reduced intensity. Our experimental results agree very well with the numerical
solutions of Maxwell-Bloch equations.
PACS numbers: 42.50.Gy,32.80.Ee
I. INTRODUCTION
The optical properties of a medium can be drastically
modified by strong coherent interaction with a laser field,
and one of the most prominent examples of the kind
is electromagnetically induced transparency (EIT) [1],
which allows light transmission with large dispersion and
gives rise to fascinating phenomena, such as extremely
slow group velocity and light storage [2–6]. Besides ex-
tensive investigations of the temporal dynamics, the spa-
tial effects resulting from EIT have also been studied such
as the focusing and de-focusing of transmitted probe light
in the presence of a strongly focused coupling beam [7, 8]
and the deflection of probe light when passing through
an EIT medium in the presence of a magnetic field gra-
dient [9, 10]. Recently, cancellation of optical diffraction
was obtained for a specific detuning of the probe beam
where the Doppler-Dicke effect compensates for diffrac-
tion [11, 12].
While studies of EIT generally focus on Λ type en-
ergy level configurations, more recently, there has been
considerable interest with EIT in a ladder scheme involv-
ing Rydberg energy levels [13–15] (Rygberg EIT). Strong
dipolar interaction between Rydberg atoms in such EIT
schemes is responsible for the so-called photon block-
ade, which offers promising means to realize determin-
istic single photon sources [16, 17], to induce effective
interactions between photons [18], and to realize pho-
tonic phase gates [19]. Rydberg EIT has also attracted
attention with the demonstration of interaction enhanced
absorption imaging (IEAI) [20, 21]. This imaging tech-
nique detects Rydberg excitations via their modification
on EIT transparency due to the strong interaction be-
tween Rydberg atoms. It confers great potential for the
study of many-body physics with Rydberg atoms [22, 23].
Rydberg EIT experiments generally require strongly
focused coupling fields in order to obtain sufficiently
strong Rabi frequencies on the transition involving
the Rydberg state. This focusing inevitably produces
strongly inhomogeneous coupling fields. While lensing
effect on the probe field associated with this inhomo-
geneity has been studied using a hot vapour [7, 8], until
now this effect in cold Rydberg ensembles has received
little attention. However, since the probe field is to be
strongly modified by interaction induced nonlinearity in
cold Rydberg ensembles, having a good understanding
and control of the lensing effect is necessary.
We present in this paper a precise study of the lensing
effect on the probe light by a tightly focused coupling
beam in a Rydberg EIT scheme and its dependence on
the probe detuning. In contrast to most previous studies
on Rydberg EIT, the spatial structures are imaged in our
experiment by a diffraction limited optical system. We
use 27s Rydberg state of 87Rb atoms so that the effect of
interaction between Rydberg atoms is minimal hence the
experimental results can be accurately compared with
numerical solutions of Maxwell-Bloch equations. This
study sets clear delimitation on the possibilities offered
by Rydberg EIT.
II. EXPERIMENT
The preparation of an ultracold 87Rb atomic sample
for our experiment starts with loading a magneto-optical
trap (MOT) from a Zeeman-slowed atomic beam, fol-
lowed by further molasses cooling of the atomic cloud.
Subsequently, a guiding magnetic field of approximately
3.5 Gauss along the vertical direction pointing down-
wards, as shown in Fig. 1(b), is switched on to define
the quantization axis, and the atoms in the molasses are
optically pumped into |5s1/2, F = 2,mF = 2〉 state for
experiment. The population in |5s1/2, F = 2,mF = 2〉
state is controlled by de-pumping a certain fraction of
atoms into |5s1/2, F = 1〉 level during this optical pump-
ing stage. This de-pumping scheme allows varying the
atomic density without changing much the atomic cloud
size [24]. At this stage, the atomic cloud has a tempera-
ture in the range of 28µK to 40µK.
A time of flight (TOF) of 6 ms following the optical
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2pumping results in an atomic cloud that has a 1/e2 ra-
dius wr=2.0 - 2.2 mm in the radial direction and a 1/e
2
radius wz=1.1 - 1.2 mm in the axial direction (along the
quantization axis defined by the guiding B-field). The
peak atomic density of |5s1/2, F = 2,mF = 2〉 state, n0,
can be varied from 0.3− 1.6× 1010cm−3 .
FIG. 1. (a) The diagram of energy levels involved in the lad-
der scheme EIT. A probe light of σ+ polarization drives the
transition from |5s1/2, F = 2,mF = 2〉 (|g〉) to |5p3/2, F =
3,mF = 3〉 (|e〉), while a coupling light of σ− polariza-
tion drives the transition from |5p3/2, F = 3,mF = 3〉 to
|27s1/2,mJ = 1/2,mI = 3/2〉, which is not distinguishable in
energy from other hyperfine states of |27s1/2, J = 1/2,mJ =
1/2〉 (|r〉) in our setup. The detuning of the probe (coupling)
light, ∆p (∆c) is defined as ∆p = ωp − ωe (∆c = ωc − ωr),
where ωp (ωc) is the frequency of the probe (coupling) light
and ωe (ωr) is the resonance frequency of the |e〉 ↔ |g〉
(|r〉 ↔ |e〉) transition. (b) The schematics of the optical setup
for EIT beams. The magnetic field ~B along the vertical di-
rection is pointing from top to bottom. The probe beam and
the coupling beam are counter-propagating along the quanti-
zation axis, which is also the axial axis of the atomic cloud
(indicated as a solid ellipse). After passing through the atomic
cloud, the probe beam is separated from the coupling beam
by a dichroic mirror and goes through the rest of optical imag-
ing system to be imaged onto an electron multiplying charge
coupled device (EMCCD camera). The lens shown here has
a focal length of 160 mm. The dimensions are not to scale,
but only indicate their relative shapes and positions.
The states involved in the ladder scheme EIT are
shown in Fig. 1(a), and the schematics of the optical
setup for the EIT beams is shown in Fig. 1(b). The 780
nm laser beam for driving the |g〉 → |e〉 probe transition
is generated from a Toptica DL pro diode laser, and the
480 nm laser beam for driving the |e〉 → |r〉 coupling
transition is generated by a Toptica TA-SHG frequency-
doubled diode laser system. Both the 780 nm laser and
the 480 nm laser (via the fundamental light at 960 nm)
are frequency locked to the same high-finesse Fabry-Perot
cavity by Pound-Drever-Hall technique, which yields a
linewidth of . 30 kHz for the 780 nm laser and . 60
kHz for the 480 nm laser. As illustrated in Fig. 1(b),
the probe beam passing through the atomic cloud has a
collimated 1/e2 radius wp of 3.45 mm, while the coupling
beam is focused at the center of the atomic cloud with a
1/e2 radius wc in the range of 30 - 50 µm. When the in-
coming probe beam Rabi frequency Ωp0 is much smaller
than the peak Rabi frequency of the coupling beam Ωc0,
Ωp0  Ωc0, the coupling beam opens up a transparency
window for the probe light to propagate through the oth-
erwise opaque atomic cloud at the frequency around the
probe transition resonance. It also induces a large in-
dex gradient along its transverse direction and results in
a lensing effect. The intensity distribution of the probe
beam at the exit of the atomic cloud, 1.1 mm below the
center of the cloud, is directly imaged on the EMCCD
camera through a diffraction limited optical system.
In each experimental cycle, the atomic cloud is pre-
pared in |5s1/2, F = 2,mF = 2〉 state as described above,
FIG. 2. Images of the probe light from (a) experiment and
(b) simulation. The probe detuning ∆p for each set of im-
ages is given on the left side. The images in (a) are taken
under the experimental conditions of wz=1.1±0.1 mm, n0 =
(0.59± 0.06)× 1010cm−3, Ωp0/Γe = 0.16± 0.01, wc = 49± 1
µm, ∆c/Γe = 0± 0.05, Ωc0/Γe = 1.98± 0.05. Each image in
(a) is an average of 5 experimental shots. The same experi-
mental conditions are also used as the inputs for solving the
Maxwell-Bloch equations to generate the simulated images in
(b), as detailed in the text. The thin dotted circles on the im-
ages of ∆p/Γe = 0.05 indicate the 1/e
2 Gaussian size of the
coupling beam. The color scale at the bottom right applies
to all images.
3and the probe and coupling beams are turned on simul-
taneously for 15 µs during which the camera is exposed
to take the image of the transmitted probe beam. To
obtain an EIT transmission spectrum, the probe detun-
ing ∆p is varied from shot to shot to scan through the
probe resonance while the coupling beam detuning ∆c is
fixed throughout. Shown in Fig. 2(a) are a set of sample
images of the transmitted probe light taken at different
probe detunings ∆p, and the detailed description and
discussion on the images and the spectra extracted from
them are given in the next section.
III. RESULTS AND DISCUSSION
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FIG. 3. Transmission spectra of the transmitted probe light
for different atomic densities and different coupling beam
sizes. The black squares with error bar are experimental
data, and the red lines are results of simulation that has
only experimental parameters as input (please see the text).
The spectra are taken at the conditions of (a) wz=1.2±0.1
mm, n0 = (1.40 ± 0.15) × 1010cm−3, wc = 49 ± 1 µm,
∆c/Γe = 0.16± 0.05, Ωc0/Γe = 1.98± 0.05; (b) wz=1.1±0.1
mm, n0 = (0.59 ± 0.06) × 1010cm−3, wc = 49 ± 1 µm,
∆c/Γe = 0 ± 0.05, Ωc0/Γe = 1.98 ± 0.05; (c) wz=1.1±0.1
mm, n0 = (0.69 ± 0.07) × 1010cm−3, wc = 34 ± 1 µm,
∆c/Γe = 0 ± 0.05, Ωc0/Γe = 3.18 ± 0.05. All three spectra
are taken with Ωp0/Γe = 0.16± 0.01.
While different models have been developed to give
accurate descriptions of the spatial effects of inhomoge-
neous EIT media on the propagation of the probe light
[8, 10, 25, 26], the essential physics can be qualitatively
captured in the following argument.
In EIT, the linear susceptibility for the probe light is
given by
χ(1) (~r) = −i nat (~r) Γeσ0λ
4pi
(
γge − i∆p + Ωc(~r)
2
4(γgr−i(∆c+∆p))
) , (1)
where λ is the wavelength of the probe transition, σ0 =
3λ2/2pi the resonant cross-section of the probe transition,
Γe = 2pi × 6.067 MHz the decay rate of intermediate
state |e〉, ∆p and ∆c the detunings of probe and coupling
lights as defined earlier, and finally γge ≈ Γe/2 and γgr =
(Γr+γp+γc)/2+γD the decay rates of atomic coherences.
Here, Γr ∼ 2pi×10 kHz [27] is the decay rate of the upper
state |r〉, γp(γc) is the linewidth of the probe (coupling)
laser, and γD is the dephasing rate from all other sources.
The refractive index is related to the linear susceptibility
χ(1) (~r) via the expression
n(~r) ≈
(
1 +
1
2
<
(
χ(1) (~r)
))
. (2)
Seen from Eqs.(1) and (2), the inhomogeneity in
atomic density nat (~r) and Rabi frequency of coupling
transition Ωc (~r) can give rise to non-zero gradient in
the refractive index, which results in the deflection of
the probe light wave vector as it travels through such
medium. For large Ωc (~r), negligible γgr and ∆c ∼ 0, the
sign of the probe light detuning ∆p decides the direction
of the deflection either along or against the gradient of
the refractive index.
In our experimental configuration, the atomic density
nat(~r) along the radial direction of the transparency win-
dow is constant. On the other hand, the rapid change of
the coupling Rabi frequency Ωc(~r) due to the Gaussian
intensity profile gives rise to a large gradient in the re-
fractive index n(~r). The probe light passing through this
transparency window experiences lensing effects due to
the high gradient of the refractive index, as can be seen
in Fig. 2.
The images in Fig. 2(a) are acquired with the condi-
tions detailed in the figure caption and from top to bot-
tom, the probe detuning is varied from red to blue. The
field of view of each image is centered around the cou-
pling beam and is much smaller than the atomic cloud
and the probe beam. The spot in the middle of each
image is the transmitted probe light through EIT area
while the uniform background indicates the absorption
level of probe light by the atomic cloud with absence of
the coupling light. It can be clearly seen that the in-
tensity of the transmitted probe light at the red probe
detuning ∆p/Γe = −0.28 is enhanced while the inten-
sity on the blue side with a detuning ∆p/Γe = 0.30 is
reduced, compared with the incoming probe intensity,
which is about the same as the intensity of the transmit-
ted probe beam on resonance (∆p/Γe = 0.05 in Fig. 2).
4Moveover, the spot size of the red-detuned probe light
is smaller than that of the blue-detuned with a similar
|∆p|. Both the intensity and the size indicate the fo-
cusing of the red-detuned probe light and the defocus-
ing of the blue-detuned one, since, if not due to the
lensing effect, the transmitted spots would have simi-
lar intensity and size at detunings symmetric with re-
spect to the resonance. It should be noted that the dark
ring around the bright transmitted spots is not due to
the lensing effect. Instead, it comes from the spatially
varying coupling Rabi frequency as a result of the Gaus-
sian intensity profile of the coupling beam. This spatial
dependent Rabi frequency gives rise to a larger Autler-
Townes splitting at the center of the coupling beam and
smaller ones towards the edge of the beam. Conse-
quently, the transmitted spot of on-resonance probe light
(∆p/Γe = 0.05 in Fig. 2) has the largest size, since there
is no Autler-Townes enhanced absorption throughout the
whole EIT area, whereas the transmitted spots of off-
resonance probe light have smaller sizes with surrounding
dark rings due to enhanced absorption at Autler-Townes
splitting frequencies. Because of this change of transmit-
ted spot size vs. detuning, the focusing (defocusing) of
the red (blue)- detuned probe light cannot be defined rel-
ative to the transmitted probe beam on resonance, but
should rather be defined relative to the transmitted probe
beam at that particular detuning with no lensing effect
1. In the experimental observation of Fig. 2 where the
lensing effect is present, this can only be acknowledged
by comparing the transmitted probe beam size and in-
tensity at the detunings symmetric with respect to the
resonance.
In order to obtain EIT transmission spectra, the trans-
mission of the probe light is extracted by taking the ratio
between the probe intensity at the center of such images
(I) and that of the incoming probe beam without the
atomic cloud (I0). The transmission spectra shown in
Fig. 3 are generated by plotting the probe transmission
(I/I0) as a function of the probe detunings ∆p for atomic
densities and coupling beam sizes detailed in the figure
caption. As expected, there is a transparency spectral
window near the probe resonance due to the coherent in-
teraction between the coupling light and atoms, and the
two absorption peaks are from the Autler-Townes split-
ting. The lensing effect within this transparency spec-
tral range can be clearly seen from the greatly enhanced
transmission at the red detuning ∆p < 0 and the some-
what reduced transmission at the blue detuning ∆p > 0.
This enhanced transmission at the red detuning highly
depends on the atomic density n0 and the coupling beam
size wc. With the same coupling beam size wc and the
same peak Rabi frequency Ωc0, the atomic cloud with a
higher density in Fig. 3(a) focuses the probe light more
1 The transmitted probe beam with no lensing effect can be sim-
ulated by removing the transverse gradient term of Eq.(A9) in
the appendix.
than that with a lower density in Fig. 3(b). Moreover, if
the atomic density is about the same, but the coupling
beam size wc is focused down further (the peak Rabi fre-
quency Ωc0 is consequently larger), the focusing of the
probe light is greatly enhanced, as shown in Fig. 3(b)
and (c).
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FIG. 4. Transmission spectrum of the transmitted probe
light through a thin single-beam ODT released atomic sam-
ple with the 1/e2 radius wz = 55.0 ± 0.5 µm (along propa-
gation direction of EIT beams) and the atomic density n0 =
(3.30 ± 0.03) × 1010cm−3. The black squares with error bar
are experimental data, and the red line is a one-dimensional
fit from the formula T (r = 0,∆p) given in the text.
The lensing effect also critically depends on the size
of the atomic cloud. In order to verify this, the same
experiment is performed with an atomic cloud released
from a very thin single-beam optical dipole trap (ODT).
The ODT is horizontally positioned at 1.1 mm below
the center of the molasses atomic cloud in the previous
experiment, that is, at the object plane of the camera.
The 1/e2 radius of this atomic cloud, which is along the
propagation direction of the EIT beams, is wz = 55.0 ±
0.5 µm (20 times smaller than that of the molasses atomic
cloud). As shown in Fig. 4, the spectrum of the Autler-
Townes splitting is observed without any obvious lensing
effect, in stark contrast to what is being observed in the
molasses atomic cloud.
To understand our experimental results on lensing ef-
fect more quantitatively, we model our experimental sys-
tem with a set of coupled Maxwell-Bloch equations as
described in detail in the appendix. The inputs are the
experimentally calibrated parameters including: a) the
atomic density n0 and the atomic cloud size wz; b) the
peak Rabi frequency Ωc0 and the waist wc of the cou-
pling light; c) the initial Rabi frequency of the probe
light Ωp0; d) the decay rate of atomic coherence γgr.
The atomic density n0 and atomic cloud size wz are
well known from measurement with absorption imaging.
The peak Rabi frequency Ωc0 and waist wc are extracted
from a two-dimensional fit of images taken in the exper-
iment performed on the thin atomic cloud released from
the ODT. The transmission formula used for fitting is
5T (r,∆p) = exp
(
−k ∫ +∞−∞ Im[χ(1)(r, z,∆p)]dz), where r
and z stand for the radial and axial coordinates respec-
tively, k = 2pi/λ, and χ(1) is defined in Eq.(1). These
parameters are given in the caption of Figs. 2 and 3.
The dacay rate of atomic coherence γgr is obtained from
fitting the probe beam transmission vs. Ωp0 at the center
of the transmitted beam (with Ωc0) and ∆p = 0. This
measurement yields the value of γgr in the range of 50 -
150 kHz depending on atomic density, which is consistent
with the evaluation of γgr from various dephasing mech-
anisms in our experiment. γgr used in the simulation is
set to be 100 kHz since we find the results of the simula-
tion are not very sensitive to γgr in the range of 50 - 150
kHz. The simulated images of the probe light intensity
at the exit of the atomic cloud are shown in Fig. 2(b),
along the side of the experimental images taken with the
same parameters. The spectra from simulation are plot-
ted together with experimental data in Fig. 3. The exper-
imental and theoretical results show excellent agreement,
which confirms the good control in our experiment and
lays a solid foundation for further pursuing the experi-
mental investigation of the interaction between Rydberg
excitations using IEAI in our system.
IV. SUMMARY
In summary, we have observed the lensing effect on the
probe light in electromagnetically induced transparency
involving a Rydberg state by directly imaging the probe
beam passing through a laser-cooled atomic cloud. With
the atomic cloud of only moderate optical depth, the
transmitted probe light is strongly focused at a frequency
red detuned from the probe resonance, and has a peak
intensity a few times that of the input probe light. This
study is important for imaging Rydberg excitations via
interaction enhanced absorption imaging based on Ry-
dberg EIT. It is also highly relevant in studying non-
linearity of cold interacting Rydberg ensembles as the
probe intensity determines the strength of interaction be-
tween Rydberg polaritons [18, 28]. It will be interesting
to investigate how such lensing effect is modified by the
interaction between Rydberg atoms, which will be sig-
nificant when a Rydberg state of high principal quantum
number is used. Combining dispersive non-linearities and
focusing, one may imagine creating a one-dimensional gas
of Rydberg atoms. It may be also possible to tune the
interaction between Rydberg atoms in order to switch
from focusing to defocusing lensing effect.
ACKNOWLEDGMENTS
The authors thank Thi Ha Kyaw, Nitish Chandra, and
Armin Kekic for the early preparation of experimental se-
tups, and acknowledge the support from the Ministry of
Education and the National Research Foundation, Sin-
gapore. This work is partly supported through the Aca-
demic Research Fund, Project No. MOE2015-T2-1-085.
Appendix A: Theoretical Model
We describe the interaction of the probe and coupling
fields with an ensemble of ultracold atoms using the
standard framework of coupled Maxwell-Bloch equations.
In electric-dipole and rotating-wave approximation, the
Hamiltonian of each atom interacting with the probe and
coupling fields is
H =− ~ (∆p|e〉〈e|+ (∆c + ∆p)|r〉〈r|)
− ~
(
Ωp
2
S+e +
Ωc
2
S+r + H.c.
)
, (A1)
where ∆p (∆c) is the probe (coupling) field detuning,
∆p =ωp − ωe , (A2)
∆c =ωc − ωr , (A3)
and ωe (ωr) is the resonance frequency on the |e〉 ↔ |g〉
(|r〉 ↔ |e〉) transition. The atomic transition operators
S+x (x ∈ {r, g}) in Eq. (A1) are defined as
S+e = |e〉〈g|, S+r = |r〉〈e|. (A4)
The probe field Rabi frequency Ωp inside the medium is
a dynamical variable that we want to determine at each
position in space. On the contrary, the coupling field is
almost unaffected by the medium, hence we assume that
the spatial variation of the coupling field is
Ωc = i
Ωc0z0
z + iz0
e−iz0r
2/[w2c(z+iz0)] , (A5)
where z0 is the Rayleigh length and wc is the beam waist
at z = 0. The field in Eq. (A5) is a solution of Maxwell’s
equations in paraxial approximation and in free space.
We model the time evolution of the atomic density oper-
ator % by a Markovian master equation [29],
∂t% = − i~ [H, %] + Lγ%+ LD% . (A6)
The term Lγ% in Eq. (A6) accounts for spontaneous emis-
sion of the excited states. These processes are described
by standard Lindblad decay terms,
Lγ% =− Γe
2
(
S+e S
−
e %+ %S
+
e S
−
e − 2S−e %S+e
)
− Γr
2
(
S+r S
−
r %+ %S
+
r S
−
r − 2S−r %S+r
)
, (A7)
where S−x = (S
+
x )
†
(x ∈ {r, g}) and Γe is the full decay
rate of state |e〉. The long-lived Rydberg state |r〉 decays
with Γr  Γe. The last term LD% in Eq. (A6) describes
6decoherence due to laser noise and is given by
LD% =− γc
2
(
S+r S
−
r %+ %S
+
r S
−
r − 2S+r S−r %S+r S−r
)
− γp
2
(
S−e S
+
e %+ %S
−
e S
+
e − 2S−e S+e %S−e S+e
)
,
(A8)
where γc (γp) is the linewidth associated with the control
(probe) field.
In paraxial approximation and for a probe field varying
slowly in time Maxwell’s equations reduce to
(
−i c
2ωe
∆⊥ + ∂z +
1
c
∂t
)
Ωp = iη%eg , (A9)
where ∆⊥ is the transverse Laplace operator, c is the
speed of light and the coupling constant η is defined as
η =
natσ0
2
Γe . (A10)
The set of equations (A6) and (A9) represent a sys-
tem of coupled, partial differential equations and have
to be solved consistently for given initial and boundary
conditions. Here we consider the steady state regime
and find the time-independent solution %st to Eq. (A6).
Note that %st solves Eq. (A6) to all orders in the probe
field, and −2η%steg/kΩp reduces to the linear susceptibility
given in Eq. (1) only for a weak probe field Ωp  Γe. We
replace %eg in Eq. (A9) by the non-perturbative expres-
sion for %steg such that Eq. (A9) reduces to a nonlinear,
time-independent equation for the probe field Rabi fre-
quency. We numerically solve this equation in three spa-
tial dimensions with the software packet MATHEMAT-
ICA [30] and the implicit differential-algebraic solver
(IDA) method option for NDSolve.
[1] Michael Fleischhauer, Atac Imamoglu, and Jonathan P
Marangos, “Electromagnetically induced transparency:
Optics in coherent media,” Reviews of modern physics
77, 633 (2005).
[2] L. V. Hau, S. E. Harris, Z. Dutton, and C.H. Behroozi,
“Light speed reduction to 17 metres per second in an
ultracold atomic gas,” Nature 397, 594 (1999).
[3] M. M. Kash, V. A. Sautenkov, A. S. Zibrov, L. Hollberg,
G. R. Welch, M. D. Lukin, Y. Rostovtsev, E. S. Fry, and
M. O. Scully, “Ultraslow group velocity and enhanced
nonlinear optical effects in a coherently driven hot atomic
gas,” Phys. Rev. Lett. 82, 5229 (1999).
[4] D. Budker, D. F. Kimball, S. M. Rochester, and V. V.
Yashchuk, “Nonlinear magneto-optics and reduced group
velocity of light in atomic vapor with slow ground state
relaxation,” Phys. Rev. Lett. 83, 1767 (1999).
[5] T. Chanelie`re, D. N. Matsukevich, S. D. Jenkins, S.-Y.
Lan, T. A. B. Kennedy, and A. Kuzmich, “Storage and
retrieval of single photons transmitted between remote
quantum memories,” Nature 438, 833 (2005).
[6] M. D. Eisaman, A. Andre´, F. Massou, M. Fleischhauer,
A. S. Zibrov, and M. D. Lukin, “Electromagnetically in-
duced transparency with tunable single-photon pulses,”
Nature 438, 837 (2005).
[7] Richard R Moseley, Sara Shepherd, David J Fulton,
Bruce D Sinclair, and Malcolm H Dunn, “Spatial conse-
quences of electromagnetically induced transparency: ob-
servation of electromagnetically induced focusing,” Phys.
Rev. Lett. 74, 670 (1995).
[8] Richard R Moseley, Sara Shepherd, David J Ful-
ton, Bruce D Sinclair, and Malcolm H Dunn,
“Electromagnetically-induced focusing,” Phys. Rev. A
53, 408 (1996).
[9] Leon Karpa and Martin Weitz, “A stern–gerlach experi-
ment for slow light,” Nature Physics 2, 332–335 (2006).
[10] DL Zhou, Lan Zhou, RQ Wang, S Yi, and CP Sun,
“Deflection of slow light by magneto-optically controlled
atomic media,” Phys. Rev. A 76, 055801 (2007).
[11] Ofer Firstenberg, Paz London, Moshe Shuker, Amiram
Ron, and Nir Davidson, “Elimination, reversal and di-
rectional bias of optical diffraction,” Nature Physics 5,
665–668 (2009).
[12] O Firstenberg, M Shuker, N Davidson, and A Ron,
“Elimination of the diffraction of arbitrary images im-
printed on slow light,” Phys. Rev. Lett. 102, 043601
(2009).
[13] AK Mohapatra, TR Jackson, and CS Adams, “Coherent
optical detection of highly excited rydberg states using
electromagnetically induced transparency,” Phys. Rev.
Lett. 98, 113003 (2007).
[14] JD Pritchard, D Maxwell, Alexandre Gauguet,
KJ Weatherill, MPA Jones, and CS Adams, “Co-
operative atom-light interaction in a blockaded rydberg
ensemble,” Phys. Rev. Lett. 105, 193603 (2010).
[15] David Petrosyan, Johannes Otterbach, and Michael
Fleischhauer, “Electromagnetically induced transparency
with rydberg atoms,” Phys. Rev. Lett. 107, 213601
(2011).
[16] YO Dudin and A Kuzmich, “Strongly interacting rydberg
excitations of a cold atomic gas,” Science 336, 887–889
(2012).
[17] Thibault Peyronel, Ofer Firstenberg, Qi-Yu Liang, Se-
bastian Hofferberth, Alexey V Gorshkov, Thomas Pohl,
Mikhail D Lukin, and Vladan Vuletic´, “Quantum non-
linear optics with single photons enabled by strongly in-
teracting atoms,” Nature 488, 57–60 (2012).
[18] Ofer Firstenberg, Thibault Peyronel, Qi-Yu Liang,
Alexey V Gorshkov, Mikhail D Lukin, and Vladan
Vuletic´, “Attractive photons in a quantum nonlinear
medium,” Nature 502, 71–75 (2013).
[19] D Paredes-Barato and CS Adams, “All-optical quantum
information processing using rydberg gates,” Phys. Rev.
Lett. 112, 040501 (2014).
[20] G Gu¨nter, M Robert-de Saint-Vincent, H Schempp,
CS Hofmann, S Whitlock, and M Weidemu¨ller, “Inter-
action enhanced imaging of individual rydberg atoms in
7dense gases,” Phys. Rev. Lett. 108, 013002 (2012).
[21] G Gu¨nter, H Schempp, M Robert-de Saint-Vincent,
V Gavryusev, S Helmrich, CS Hofmann, S Whit-
lock, and M Weidemu¨ller, “Observing the dynam-
ics of dipole-mediated energy transport by interaction-
enhanced imaging,” Science 342, 954–956 (2013).
[22] Robert Lo¨w, Hendrik Weimer, Johannes Nipper,
Jonathan B Balewski, Bjo¨rn Butscher, Hans Peter
Bu¨chler, and Tilman Pfau, “An experimental and theo-
retical guide to strongly interacting rydberg gases,” Jour-
nal of Physics B: atomic, molecular and optical physics
45, 113001 (2012).
[23] Hendrik Weimer, Markus Mu¨ller, Igor Lesanovsky, Peter
Zoller, and Hans Peter Bu¨chler, “A rydberg quantum
simulator,” Nature Physics 6, 382–388 (2010).
[24] JD Pritchard, Cooperative Optical Non-linearity in a
blockaded Rydberg ensemble, Ph.D. thesis, Durham Uni-
versity (2011).
[25] Jamal T Manassah and Barry Gross, “Induced focusing
in a λ-system,” Optics Communications 124, 418–429
(1996).
[26] HR Zhang, Lan Zhou, and CP Sun, “Birefringence lens
effects of an atom ensemble enhanced by an electromag-
netically induced transparency,” Phys. Rev. A 80, 013812
(2009).
[27] Drew B Branden, Tamas Juhasz, Tatenda Mahlokozera,
Cristian Vesa, Roy O Wilson, Mao Zheng, Andrew Ko-
rtyna, and Duncan A Tate, “Radiative lifetime measure-
ments of rubidium rydberg states,” Journal of Physics B:
atomic, molecular and optical physics 43, 015002 (2010).
[28] P Bienias, S Choi, O Firstenberg, MF Maghrebi, M Gul-
lans, MD Lukin, AV Gorshkov, and HP Bu¨chler, “Scat-
tering resonances and bound states for strongly interact-
ing rydberg polaritons,” Physical Review A 90, 053804
(2014).
[29] H.-P. Breuer and F. Petruccione, The Theory of Open
Quantum Systems (Oxford, 2006).
[30] Wolfram Research, Inc., Mathematica Version 10.1 (Wol-
fram Research, Inc., Irvine, Champaign, Illinois).
